Here I investigate both numerically and experimentally, the polarization conversion capabilities of a rectangular array of holes with two unequal orthogonal periodicities. We show that it is possible to tune the periodicities in such a way that the transmitted light is circularly polarized for a nominated wavelength, CPL, when the structure is illuminated with appropriately oriented linearly polarized light at normal incidence. A device was fabricated and experiments confirmed that a degree of circular polarization of 0.89 could be achieved at the resonant wavelength.
There is increasing interest in harnessing plasmonic effects resulting from coherent electron oscillations on a metallic/dielectric interface for a broad range of applications. In particular, there are considerable prospects for replacing bulky optical components with nanophotonic analogues with thicknesses of the order of tens of nanometers 1 . The ability to manipulate the polarization of light with miniaturized optical components is highly desirable for a variety of applications 2 . For example a controllable active display using light emitting diodes has been integrated with plasmonic polarizers consisting of an array of rectangular apertures 3 . Controlling the polarization state of a Single
Photon Source (SPS) provides a mechanism for defining the computational basis states [4] [5] [6] . Previously, asymmetric plasmonic cavities, such as arrays of asymmetric cross-shaped holes in a metallic film that acts as a quarter wave plate 7, 8 have been demonstrated. Polarization conversion associated with arrays of L-shaped apertures in metallic films 9, 10 was previously explored as was a theoretical investigation of the polarization response of an array of stereo nanoholes 11 . Furthermore, the polarization performance of a single elliptical cavity in a metal film in conjunction with periodic elliptical corrugations surrounding it, and a bullseye structure with an asymmetric cross-shaped aperture have been reported [12] [13] [14] . A periodic array of elliptical apertures in a metal film and their impact on the polarization of the transmitted light has also been investigated 15 along with a number of demonstrations of polarizing devices based on asymmetric nanoscale metallic particles [16] [17] [18] [19] . These devices have all been based on localized resonances of asymmetric
particles. Here we demonstrate, computationally and experimentally, a quarter wave plate based on surface plasmon polaritons (SPPs) propagating on the surface of a metallic film perforated with an asymmetric, rectangular arrangement of (symmetric) circular apertures. The birefringence of the structure is derived from the periodic arrangement of the apertures rather than the geometry of the apertures themselves.
To produce circularly polarized light on transmission through an array of apertures in a metal film, two orthogonal modes of equal amplitude with a phase difference of π/2 are needed. It has been shown that a biaxial nanohole array possesses two distinct orthogonal modes 20 . Here we propose, and experimentally test, a design for a plasmonic polarizer using a rectangular hole array with two unequal orthogonal periodicities in the x and the y directions, tuned in such a way that circularly polarized light is produced at a design wavelength when illuminated with linearly polarized light at normal incidence.
The proposed device consists of a periodic array of circular holes in a silver film, sandwiched between two semiinfinite dielectric slabs with (real) permittivities of 1 and 2. The dielectric filling the holes has a permittivity of 3. 
Where is the component of the incident wavevector parallel to the surface of the metal film, Gx = 2/Px and Gy = 2/Py are the reciprocal lattice vectors of a rectangular array with periodicities of Px and Py, and i and j are integers.
SPP waves at the boundary between semi-infinite slabs of dielectric and metal follow conservation of
where diel and metal are the permittivities of the dielectric and metal respectively and 0 is the free-space wavelength.
For a square lattice with periodicity, P, the relationship between SPP Bloch modes and the lattice periodicity is given by: ,
SPP fields propagate away from a single hole as a non-uniform cylindrical wave 21 and the phase of the wave at a given point on the metal surface depends on the distance travelled. Fields are excited within the apertures which then act as scattering points on the surface. If the separations between the holes along each direction in a metallic film lead to a /2 phase difference between the SPPs propagating in each orthogonal direction on the surface, we would then anticipate that the orthogonal components of the transmitted field would exhibit a similar phase difference.
Hence, by adjusting the illumination to ensure that the amplitudes of the two components are equivalent, the film
acts as a quarter wave plate. The azimuthal variation of the amplitude of the SPP field propagating away from a single hole depends on the field within the apertures which can be controlled by the orientation of the incident electric field. Hence, the direction in which the SPPs are preferentially launched is established by the component of the incident electric field parallel to the surface of the metal. The polarization angle of a normally incident plane wave, therefore, controls the amplitude of the SPPs propagating along the x-and y-directions and can be used to tune their relative strengths.
We introduce a detuning between the square lattice periodicities, P, in the x and the y directions associated with the SPP resonance condition at a particular design wavelength. The detuning creates a phase difference of π/2 between the two orthogonal oscillations, i.e. SPP,x -SPP,y = π/2 . Here SPP,x,y represents the relative phases of the two SPP waves along the x-and y-directions. Equations (1)- (3) do not take into account details such as the influence of the hole geometry, film thickness and the interaction between the incident field and the surface modes. They, therefore, cannot precisely predict the transmission maxima and minima associated with metallic hole arrays. For these reasons, we performed full-field electromagnetic calculations using the Finite Element Method (FEM), implemented in COMSOL Multiphysics version 4.3b, to fine-tune the device. Specifically we modeled the interaction of a normally incident, linearly polarized plane wave with an infinite array of circular holes in a thin film of silver lying parallel to the x-y plane. The upper boundary on the exit side was terminated with a perfectly matched layer (PML) to eliminate back reflection of the diffracted wave. To reduce direct transmission through the film and apertures, we set the thickness of the silver film to h = 100 nm and the diameter of the hole to d = 200 nm. The silver film was assumed to be supported by a glass substrate with a refractive index of n1 = 1.52. Refractive index data for silver taken from Palik 23 was used in the model. In all cases, the normalized transmission Pt/P0 was calculated,
where Pt and P0 are the transmitted power through the device and through the glass substrate in the absence of the device, respectively. Pt and P0 were calculated by integrating the z-component of the transmitted Poynting vector over the area covered by one unit cell within the array.
The simulated transmission through a square array of apertures as a function of the periodicity of the array when the structure is normally illuminated with a light polarized at α = 0° and at a fixed wavelength  = 700 nm, produced a transmission maximum at a periodicity of P = 394 nm. A parametric sweep over Py, while setting Px = 394 nm, changes the relative phase difference between the x and the y components of the transmitted electric field, (Figure 1 (a), line in red). To achieve a phase difference of 90°, two orthogonal lattice constants symmetric about P = 394 nm, (i.e. Px ≈ 368 nm and Py ≈ 407 nm), were chosen. The blue line in Figure 1 (a) depicts the normalized transmission as a function of Py for Px = 394 nm at a wavelength of 700 nm.
Note that, as foreshadowed, there is a difference between these results and those found previously for the central periodicity, P = 433 nm and the corresponding length differences, ∆P,= (/4)/KSPP =  54 nm found using eq. (1) - (3) for the SPP Bloch mode (1,0)glass, at the glass/silver interface. In addition to meeting the phase requirements, to produce circularly, rather than elliptically, polarized light, the x and the y components of the transmitted electric field must have equal amplitudes. The SPP-incident field coupling strength in the x and the y directions may be controlled by varying the polarization angle of the incident light. Transmission through a rectangular array of holes with Px = 368 nm and Py = 407 nm was numerically modeled with normally incident light at various polarization angles, α. Normalized Stokes parameters were calculated using S1,2,3/S0, (Figure 1(b) ). The optimum incident polarization for producing circularly polarized transmitted light at  = 700 nm was found to be at an angle α = 47°
from the x-axis. Transmission spectra , when the rectangular array was illuminated with incident polarizations α = {0°, 47° and 90°}, are depicted in Figure 1 (c). Transmission spectra for the 0° and 90° incident polarizations show two maxima at x = 665 nm and y = 720 nm associated with the two orthogonal periodicities Px and Py respectively.
Note that the curves intercept each other at  = 700 nm, confirming the equal amplitude requirement at the design wavelength. At 47° incident polarization, transmitted Stokes parameters were calculated, confirming transmission of CPL at  = 700 nm, (Figure 1(d) ). Note further that at  ≈ 663 nm, the transmitted light is linearly polarized in the x direction, i.e. S1 = 1. The origin of such dichroic behavior lies in the resonant transmission in the x direction coinciding with the transmission suppression in the y direction at  ≈ 663 nm. A top view of the simulated surface charge density on the silver/glass interface, when the device was normally illuminated from the air side with α = 47° at  = 700 nm, is depicted in Figure 2 . The surface charge density and the transmitted electric field vector (represented by the red arrow) 70 nm from the glass/silver interface, were produced at t = {0, T/8, T/4, 3T/8}, where T, is the period of the optical wave. The expected rotation in the surface charge density and electric field can be seen. The results shown above are based on optimizing the performance at a design wavelength of  = 700 nm.
Simulations calculating the Stokes parameters as a function of wavelength with varying incident polarization angle, α, provide a clearer picture of the device performance. Figure 3(a) shows that a high degree of transmitted CPL, i.e.
S3 ≈ 1, is achievable for 40° ≤ α ≤ 80°, however the wavelength associated with the S3 ≈ 1, experiences a blue shift from 704 nm to 676 nm respectively. To experimentally confirm the performance of the device, a 2 nm thick germanium film (as an adhesion layer)
was first deposited on a glass substrate followed by a 100 nm thick silver film and a 10 nm SiO2 protective layer, the Stokes parameters, the techniques described in 24 were employed where the transmitted light was passed through a circular polarizer constructed using a linear polarizer (ThorLabs LPVIS050-MP) and a quarter waveplate (ThorLabs AQWP05M-600).
Experimental results are shown in Figure 5 (a)-(d). The maximum value of S3 was found to occur for an incident polarization of 43° at a wavelength of  ≈ 739 nm when S3 = 0.89. The results of Figure 5 demonstrate the high degree of polarization control obtainable using this strategy. Figure 5 (d) depicts the Stokes parameters and degree of polarization (DOP) when the device was illuminated with unpolarized light at normal incidence. It can be seen that the degree of linear polarization in the range 660 <  < 700 nm was found to be 0.7 < S1 < 0.75. The discrepancies between our predicted and experimental results are attributed to fabrication artifacts and the use of refractive index data for bulk silver in modeling nanoscale features 25 . To demonstrate the impact of fabrication artifacts on the S1 and S3 parameters, simulations were performed at an incident polarization angle of 43°
for the fabricated geometries, although assuming a perfectly rectangular array for simplicity. Also the 20 nm Ag2O and the 10 nm SiO2 were incorporated into the model. The refractive index for the Ag2O layer was set to n = 2.4 26, 27 . In Figure 5 
